The recently proposed de Sitter swampland conjecture excludes local extrema of a scalar potential with a positive energy density in a low energy effective theory. Under the conjecture, the observed dark energy cannot be explained by the cosmological constant. The local maximum of the Higgs potential at the symmetric point also contradicts with the conjecture. In order to make the Standard Model consistent with the conjecture, it has been proposed to introduce a quintessence field, Q, which couples to the cosmological constant and the local maximum of the Higgs potential.
I. INTRODUCTION
As the string theory is virtually a unique candidate for a theory of quantum gravity, the consistency between a low energy effective field theory and the string theory is a prime concern for physics beyond the Standard Model. So far, several consistency conditions have been conjectured from the string theory [1] [2] [3] [4] . Low-energy effective field theories which do not satisfy those conjectures are said to be not in the string landscape, but in the swampland and are disfavored.
Among various conjectures, the most recent one [4] , the so-called de Sitter swampland conjecture, stimulates intensive studies of its phenomenological and cosmological consequences . Under the conjecture, the scalar potential of a set of scalar fields {φ}, V total , satisfies the condition,
Here, c is a positive constant of O(1) and M PL is the reduced Planck scale. The size of the potential gradient, |∇V total |, is given by
for the canonically normalized scalar fields.
Immediate consequences of the conjecture are
• The observed dark energy cannot be explained by a positive cosmological constant.
• The local maximum of the Higgs potential at the symmetric point, H = 0, is inconsistent with the conjecture.
As discussed in Refs. [4, 13, 27] , the most straightforward resolution of these tensions is to couple the cosmological constant and the Higgs potential to the so-called quintessence field Q, whose coupling is suppressed by the Planck scale [38] [39] [40] .
In this paper, we show that such a modified Higgs potential generically predicts a Qdependent vacuum expectation value (VEV) of the Higgs field. The Q-dependence of the Higgs VEV induces a long-range force which is severely excluded by the tests of the equivalence principle [41] . In addition, the Q-dependence results in a time-dependent Higgs VEV.
We show that the precise spectroscopic measurements of the proton-to-electron mass ratio in distant astrophysical systems [42, and references therein] put stringent constraint on the time-varying Higgs VEV. Consequently, we argue that most of the habitable vacua in the string landscape are in tension with the phenomenological constraints unless there is an additional fine-tuning that is justified neither by the swampland conjecture nor the anthropic principle. We further show that, even if such an unjustified fine-tuning condition is imposed at the tree level, it is inevitably violated by radiative corrections. Therefore, under the de Sitter swampland conjecture, most of the habitable vacua in the string landscape contradict with the observations.
The organization of the paper is as follows. In Sec. II, we first discuss how we can retrofit the Higgs potential so that it can be salvaged from the swampland at the tree level argument. We then show that, such a modified potential generically leads to a Q-dependent
Higgs VEV, which is severely constrained by phenomenological requirements. We argue that an additional fine-tuning condition is required, which is justified neither by the swampland conjecture nor the anthropic principle. In Sec. III, we study radiative corrections to the Qdependent Higgs potential, and show that they generically upset the fine-tuning condition imposed at the tree level. The final section is devoted to our conclusions. In Appendix A, we give a rough estimate of the excursion of the quintessence field from the early universe to the present.
II. SALVAGING THE HIGGS POTENTIAL FROM SWAMPLAND
A. Higgs potential with a tiny dark energy
The most straightforward way to make the observed dark energy consistent with the de Sitter swampland conjecture is to introduce the so-called quintessence field [4] . Here, we take the simplest form of the potential of the (real-valued) quintessence field, Q, in the present universe (i.e., in the universe after the electroweak phase transition):
where H 0 is the expansion rate of the present universe, while ξ cc and c Q are positive-valued constant parameters. 1 We set Q = 0 as the present value without loss of generality. Then, ξ cc is set to be ξ cc Ω DE 0.7 [43] (with Ω DE being the density parameter of the dark energy) to explain the observed dark energy density (see Appendix A for more details).
The potential does not have any local extrema with a positive energy density, and hence it satisfies the swampland conjecture for c Q = O(1). 2 It should be noted that the following arguments do not depend on the details of V Q (Q) as long as it satisfies the swampland conjecture.
Now, let us discuss how the swampland conjecture restricts the Higgs sector. The potential for the Higgs field in the Standard Model is given by
where M 2 H > 0 is a squared Higgs mass parameter and λ > 0 the Higgs quartic coupling constant. A cosmological constant parameter, Λ 4 EW , is required so that the vacuum energy is cancelled at the Higgs vacuum expectation value,
where the fine-tuning condition is
As pointed out in [13, 27] , the Higgs potential in Eq. (4) does not satisfy the de Sitter swampland conjecture at the symmetric point, H = 0. In fact, the left-hand side of Eq. (1),
1 For c Q < 0, we redefine Q = −Q 2 We assume that the quintessence field satisfies the slow-role condition, c Q < √ 6. 3 Here, H denotes the VEV of the second component of the Higgs doublet.
is much smaller than the right-hand side,
An immediate remedy to make the Higgs potential consistent with the de Sitter swampland conjecture is to retrofit the Λ 4 EW term to couple to the quintessence field, i.e.,
with c H = O(1). With the modification, the left-hand side of Eq. (1) becomes
which is comparable with the right-hand side,
In this way, the Higgs potential in Eq. (9) can be consistent with the de Sitter swampland conjecture.
The modified Higgs potential in Eq. (9), however, has a serious problem. At the present vacuum, the fine-tuning condition of the vacuum energy is given by
However, the quintessence field feels a strong potential force from the coupling to Λ
4
EW at the present vacuum,
which makes the quintessence field moves from Q = 0. Accordingly, the fine-tuning condition in Eq. (12) is immediately violated once the quintessence field evolves in time, within a time
4 Therefore, although the Higgs potential in Eq. (9) is consistent with the swampland conjecture, it is not habitable, and hence, does not satisfy the anthropic principle [44] [45] [46] .
In order to avoid this problem, the Higgs potential needs to be further modified so that the fine-tuning condition of the vacuum energy at H = H is not affected by the motion of the quintessence field. Such a requirement can be satisfied, for example, by extending the quintessence-Higgs coupling to
where c M and c λ are O(1) coefficients. For a given value of the quintessence field Q, the Higgs VEV is then given by
where X = Q/M PL . As a result, the fine-tuning condition of the vacuum energy is given by
Therefore, the stability of the small dark energy is achieved by imposing a fine-tuning condition,
In this way, we arrive at a Higgs potential which is consistent with the de Sitter swampland conjecture and the anthropic principle. It should be stressed that the additional fine-tuning condition in Eq. (17) for the stability of the small vacuum energy does not make the model less plausible, since we anyway need to find habitable vacua in the string landscape [44] [45] [46] .
B. Constraints on the quintessence dependent Higgs VEV
A crucial feature of the Higgs potential, V
H , is that the Higgs VEV generically depends on the quintessence field, as shown in (15) . This Q-dependent Higgs VEV induces effective Yukawa couplings between the quintessence field and the matter fields in the Standard Model,
Here, m i denotes the mass of the corresponding fermion.
The coupling of the quintessence field to the quarks leads to its coupling to the nucleons [47] ,
where m N is the nucleon mass, and f N is defined as
with
In the following, we use the scalar coupling estimated by using phenomenological and lattice QCD calculations [48] ,
The isospin violating effect is also estimated to be,
with an O(10)% accuracy [49] . Altogether, we find that the electron and nucleons couple to 5 The effective Yukawa couplings can also be obtained by diagonalizing the mass matrix of the Higgs and quintessence fields, which leads to a mixing between them in the basis of mass eigenstates.
the quintessence field,
where
1. Long-range force
The Yukawa interaction of the quintessence field to the electron and the nucleons, Eq. (25), induces a long range force among electrons and nucleons, which are severely constrained by the tests of the equivalence principle [41] . In our setup, the parametersg andψ in [41] are identified asg
The angleψ is given byψ π/4 for q e q n q p , and the constraint reads
Thus, in the model with the Higgs potential V
(b)
H , we find a stringent constraint,
Consequently, the Higgs potential
H is in tension with observations, although it is consistent with the de Sitter swampland conjecture and the anthropic principle.
Time-varying electron-to-proton mass ratio
Let us also note that the quintessence field is in motion at present due to the potential force in Eq. (3), which leads to a non-trivial shift of Q. We have numerically solved the cosmological evolution of Q, and the results are summarized in Appendix A. For example, the shift of Q from z = 1 to the present (with z being the redshift parameter) is estimated
Accordingly, the masses of the electron and the proton also depend on time through the quintessence couplings in Eq. (25);
Thus, we find that the ratio of the proton-to-electron mass, µ pe = m p /m e , exhibits a time dependence,
Such a time dependence of µ pe is severely constrained by spectroscopic measurements of distant astrophysical systems. A compilation of the spectroscopic tests [42, and references therein] amounts to
Therefore, we find that the constraint on a time-varying proton-to-electron mass ratio leads
similarly to the condition obtained from the long-range force constraint (31) .
So far, we assumed that the field which tilts the local maximum of the Higgs potential (which we denote as Q H here) and the quintessence field of the vacuum energy, Q, are the same field. One may argue that the tensions with the tests of the time-varying proton-toelectron ratio can be resolved by assuming that these fields are independent with each other and the motion of the quintessence field does not affect the Higgs VEV at all even if the Higgs VEV depends on Q H . However, as we will discuss, not only the tree level contribution but also radiative contributions to the vacuum energy from the Higgs sector are required to be cancelled to explain the tiny observed dark energy. Thus, the coupling of Q H to the Higgs field inevitably results in a coupling of Q H to the dark energy. Therefore, it is generically expected that Q H is also in motion as in the case of Q, and hence, the assumption of the independent Q H does not resolve the tension, unless there is a fundamental reason to forbid a time-varying Higgs expectation value.
Unjustified fine-tuning
From the phenomenological constraints (31) and (37), we arrive at an additional finetuning condition
By combining Eqs. (16), (17) and (38), the Higgs potential is then restricted to a form
which corresponds to the Higgs-quintessence coupling proposed in [13] . 6 As the quintessence coupling is factored out as an overall factor, the Higgs VEV does not depend on the quintessence field.
It should be stressed that the additional fine-tuning in Eq. (38) , or more generically an independence of the Higgs VEV on the quintessence field, is justified neither by the swamp-6 See Ref. [24] for related discussions on the Higgs-quintessence couplings.
land conjecture nor the anthropic principle, but it is required from purely phenomenological reasons. 7 In other words, under the assumption that the swampland conjecture is satisfied by a quintessence-like field, most of the habitable vacua in the string landscape are excluded by the observational constraints, unless there is an additional fine-tuning that is justified neither by the conjecture nor the anthropic argument.
In principle, it is possible to assume Q-dependent Yukawa couplings which make the fermion masses independent of the quintessence field. Again, however, such fine-tunings are not required by the swampland conjecture nor the anthropic principle. Therefore, this possibility does not explain why there is no long-range force nor why the proton-to-electron mass ratio is time-independent. Besides, the Q-dependent Yukawa couplings lead to Qdependences of the gauge couplings through radiative corrections, which are also restricted by the tests on the time-varying coupling constants [42, and references therein] . In this paper, we do not pursue these possibilities any further.
III. RADIATIVELY INDUCED Q-DEPENDENT HIGGS VEV
As we have discussed in the previous section, it is required to choose Higgs-quintessence couplings so that the Higgs VEV does not depend on the quintessence field, although such a condition is not required from the de Sitter swampland conjecture nor the anthropic principle. The Higgs potential V (c) H in Eq. (39) is the simplest example which satisfies this condition. In this section, we assume V (c) H and discuss whether the Higgs VEV remains independent of the quintessence field when we consider radiative corrections in the low energy effective field theory.
A. Wilsonian approach
To obtain a rough idea how the radiative corrections affect the low energy effective field theory, let us first assume that the Higgs potential in a Wilsonian effective action at around the Planck scale is given by V (c) H . We also assume that the other couplings such as the gauge 7 As discussed in [50] , the Higgs VEV in the era of the Big-Bang Nucleosynthesis (BBN) is allowed to be different from the current value by a factor O(1) for habitable universe. See also [51] for a related discussion.
coupling constants and the Yukawa coupling constants do not depend on the quintessence field. This assumption is motivated by the fact that the Q-dependences of them are severely constrained by the tests of the equivalence principle, by the test of the time-variation of the fundamental couplings, and by the BBN constraints [41, 42, 52] .
In this setup, the squared Higgs mass parameter and the quartic coupling and at a low energy scale receives radiative corrections
and
where µ Once the low energy parameters are given by Eqs. (40) and (41), it is no longer possible to factor out the quintessence couplings from the Higgs potential. Thus, the Higgs VEV has a non-trivial dependence on the quintessence field; for Q M PL , the Higgs VEV is obtained as
Thus, the shift of the quintessence field induces the shift of the VEV. Numerically, we found
where λ(m t ) 0.126 and the integration of β λ is
obtained by using RGErun2. Here, we take the top quark mass, m t = 173 GeV, as the low energy renormalization scale.
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Thus, from the constraints on the long range force in Eq. (30), we again obtain an upper limit,
while the tests of the time-variation of the proton-to-electron mass ratio in Eq. (36) gives
Therefore, we find that the Higgs potential V
(c)
H is in tension with tests of the equivalence principle and the time-variation of the proton-to-electron mass ratio.
In the above argument, we have implicitly assumed that the quadratic and the quartic divergences appearing in the Higgs squared mass parameter and in the cosmological constant term are fine-tuned by local counter terms even if they have non-trivial dependences on the quintessence field. This means that the Higgs potential at high energy scale includes local terms of the form:
in addition to V (X) are functions of the quintessence field which are introduced to cancel the Q-dependent quadratic and quartic divergences. These assumptions are justified by the anthropic principle, since otherwise, the vacuum is no more habitable [44] [45] [46] .
We comment here that, as the local term Λ (39)), i.e.,
These renormalization conditions can be satisfied by adding local counter terms of the quartic
H at the high energy scale with appropriate quintessence field dependences. As we will see shortly, however, the Higgs VEV still depends on quintessence field even if the renormalization conditions in Eqs. (48) and (49) 
B. Analysis in the MS prescription
To make our statement more precise and concrete, let us consider an effective field theory where the bare Higgs potential is given by
with the subscript B denoting the bare parameters and fields. The Q-dependences of the coefficient parameter functions are not specified at this point. As for the other coupling constants in the Standard Model, we assume that they are independent of the quintessence field. We treat the quintessence field as a background field and do not consider the pathintegration of the quintessence field.
In this setup, the quantum effective potential of the Higgs boson is given by
where the first three terms are renormalized tree-level contributions while V (n)
Heff (n > 0) are n-loop contributions.
9 At the tree level, i.e., neglecting V
(n)
Heff with n > 0, the Higgs VEV is given by
In the following, we discuss how the Higgs VEV behaves after taking into account radiative corrections.
We adopt the MS prescription for the renormalization for a given value of X. The one-
Heff is given by [54, 55] 
in the MS prescription. The functions F 's are given by
where y t , g and g are the top Yukawa and the gauge coupling constants of the SU (2) L and U (1) Y gauge interactions in the MS prescription, respectively. Here, we parametrize the Higgs doublet as follows without loss of generality,
9 In this paper, the quantum effective potential denotes the one calculated perturbatively for a quantum state whose wave functional is localized at around a particular field value. (X), the pole electron mass is given by
where Σ V,S (p 2 ) are defined by the free electron self-energy, Σ e ,
at one loop. 10 As the Higgs tadpole diagrams automatically vanish in Σ e , the Q-dependence of m e (X) is dominated by the one through v
comes from the Higgs-electron loop contribution to Σ S,V (m 2 e ), which is proportional to the electron Yukawa coupling squared, and is numerically unimportant. As a result, we find,
Similarly, the quark masses also depend on the quintessence field via v
(MS) H
, and we find
It should be noted that the quintessence field couples to the top quark not only through
(X) but also through radiative corrections in which the Higgs boson is circulating. For now, we neglect these couplings and we will come back to this point later.
Now, let us discuss renormalization conditions. From a perspective of low energy effective field theory, we only know the Higgs potential parameters in the present universe, i.e. X = 0.
10 Since the electron mass is much smaller than those of Z and W bosons appearing in Σ e , it is not practical to calculate m e by using Σ e obtained in the Standard Model. Rather, we need to match the MS electron masses in the Standard Model and in the low energy effective theory below the electroweak scale. Those procedures do not affect our argument, though.
For X = 0, there is no experimental data to determine the renormalization conditions. Thus, we may, for example, impose X-dependences of the parameter functions of X, so that
at a low energy scale such as the pole mass of the top quark, µ R = m (pole) t . These conditions correspond to the ones in Eqs. (48) and (49) Beyond the tree level, the Higgs VEV does not satisfy the tree-level relation. At the one-loop level, for example, the shift of the VEV is roughly given by
where we keep only the top Yukawa contribution in Eq. (53) for presentation purpose. Thus, the deviation of the Higgs VEV from the tree-level relation in Eq. (52) results in a non-trivial quintessence field dependence, which is enhanced by 1/λ (MS) .
Our numerical analysis is as follows. We first calculate v Then, we obtain the quartic coupling and the Higgs mass parameters at X = 0,
at µ R = m (pole) t
. In evaluating these values, we use SMH [58] , which takes full two-loop and leading three-loop corrections into account. 12 The uncertainties quoted here do not include the ones from the choice of the renormalization scale. The input parameters for SMH are taken to be
The shift of the vacuum expectation value of the Higgs VEV in the LQ prescription in Eq. (65) and (66), where SMH is used for a numerical calculation at tree, one-loop, and three-loop level. The figure shows that the Higgs VEV does not shift at the tree-level due to the tree level relation of the Higgs VEV in Eq. (52). Beyond the tree-level, the Higgs VEV is shifted by changing λ (MS) .
from the tree-level relation is enhanced by 1/λ (MS) (see Eq. (67)). Combining with the renormalization conditions of the LQ prescription (Eqs. (65) and (66)), we find
As a result, we find that the tests of the equivalence principle and the time-variation of the proton-to-electron mass ratio leads to slightly weakened conditions,
respectively. 14 Thus, the Higgs potential V (c)
H with O(1) coefficients is in tension with the observational constraints even in the LQ prescription.
So far, we have imposed the renormalization conditions (65) and (66) at the electroweak 14 Recently, it has been argued that the change of the Higgs quartic coupling by about a ten percent level at low energy due to the quintessence field may stabilize the Higgs vacuum in the Standard Model [35] . Our result shows that such a possibility has a tension with the constraint in Eq. (36 Numerically, we find that these renormalization conditions lead to
at the one-loop level. Correspondingly, the constraints on the long-range force and the time-varying proton-to-electron mass ratio lead to
Therefore, even highly conspiratorial renormalization conditions are still in tension with the de Sitter swampland conjecture.
C. Another constraint
So far, we have discussed constraints which are in association with the Q-dependence of the Higgs VEV. Here, we comment on another constraint. It is less severe compared to the previous ones if the Higgs VEV has Q-dependence, but is applicable even if the Higgs VEV is independent of Q as we show in the following.
In the model of our interest, the coupling of Q to the top quark is radiatively generated as we have mentioned earlier. In Fig. 2 , we show the Feynman diagram generating the Qtt vertex, where the trilinear scalar interaction shows up by expanding the scalar potential around h v H . As a result, the Qtt vertex is given as
Here again, we assume M The effective vertex in Eq. (85) eventually leads to the coupling to the nucleons,
Thus, the tests on the long range force in Eq. (30) put a constraint,
while the tests of the time-variation of the proton-to-electron mass ratio in Eq. (36) lead to
Those constraints are independent of the ones derived from the Q-dependence of the Higgs VEV. 15 Here, we use the tree-level relation, M
which is enough at the one-loop level.
IV. CONCLUSIONS AND DISCUSSIONS
The recently proposed de Sitter swampland conjecture excludes local extrema of a scalar potential with a positive energy density in a low energy effective theory. Combining with the habitable conditions of the vacua in the string landscape, the Higgs potential is required to be retrofitted to have non-trivial couplings to the quintessence field Q so that the vacuum energy stays very low in the course of cosmological evolution.
In this paper, we found that the retrofitted Higgs potential generically predicts that the Higgs VEV becomes dependent on the amplitude of the quintessence field. We first discussed that the Higgs VEV shows a sizable Q-dependence based on the general Higgs potential (see
H in Eq. (14)), which is consistent with the de Sitter swampland conjecture as well as the anthropic principle. We also argued that the overall coupling of the quintessence filed to the Higgs potential at a high energy scale (see e.g. V (c) H in Eq. (39)) results in a Q-dependent Higgs VEV due to the renormalization-group runnings. Furthermore, we also found that, even if Q has the overall coupling to the Higgs potential at a low energy scale, the Higgs VEV is still Q-dependent. Those conclusions do not depend on the details of the quintessence-Higgs couplings nor the potential of the quintessence field as long as they satisfy the de Sitter swampland conjecture and the anthropic principle. As a result, we conclude that most of the habitable vacua with a Higgs potential which satisfies the de Sitter swampland conjecture predicts sizable Q-dependence of the Higgs VEV unless there is a fundamental reason to exclude a Q-dependent Higgs expectation value. As we have discussed, the scenario with the Q-dependent Higgs VEV contradicts with the tests of the equivalence principle as well as the tests of the time-varying proton-to-electron mass ratio.
Similarly, if there exists a scalar field which provides masses to colored particles, then the Q-dependence of its VEV is required to be weak enough to avoid the constraints from the long-range force and the time-varying proton-to-electron mass ratio. The examples of such scalar fields include the field which breaks the Peccei-Quinn symmetry or the Grand Unified gauge symmetry.
In summary, if a quintessence field Q is coupled to the Higgs potential (as well as to dark energy) to satisfy the swampland conjecture, the scenario is severely constrained by the long-range force and the time-dependence of the proton-to-electron mass ratio. Unless there exists any additional principle to avoid these constraints, it seems difficult to find ourselves living in a vacuum consistent with phenomenological constraints. 
We solve these equations with the boundary conditions,
with t 0 being the present cosmic time. The initial condition of X is taken so that the motion of the quintessence is determined by the Hubble friction in the matter dominated era.
In Fig. 3 , we show the evolution of the quintessence field as a function of the redshift parameter z (the left panel). The figure shows that the field excursion from z = 1 to z = 0 is ∆Q M PL z=1 −0.24 × c Q ,
for c Q 0.5. In the right panel, we also show the equation of state of the dark energy,
The equation of state is larger than −1 as the quintessence field is in motion. The (light-)gray shaded region is disfavored by the 2σ (1σ) limit from CMB, SNe and BAO measurements [43] ,
i.e. w = −1.028 ± 0.032 (1σ). 16 The figure shows that c Q = 1 is excluded while c Q < 0.5 is within the allowed region.
